Effects of splenic allograft in lipid profile of non-splenectomized rats: the immune and metabolic role of the "double spleen"
yslipidemia is characterized by abnormal concentrations of lipids and lipoproteins in the blood and is responsible for high morbidity and mortality in the general population due to high blood pressure and, in particular, to atherosclerotic diseases 1 . The Spleen, which stands out for the filtration and hematopoietic functions, also participates in metabolic control 2 . Persons undergoing splenectomy after splenic trauma have a higher incidence of coronary artery atherosclerosis, probably caused by lipid disorders 3 . Changes in lipid metabolism after splenectomy for trauma may explain the high incidence of acute myocardial infarction 4, 5 . The high frequency of ischemic heart disease after trauma splenectomy and the low levels of cholesterol found in patients with hypersplenism indicate the role of the spleen on lipid metabolism and on the etiology of atherosclerosis 3 . Patients with myeloproliferative diseases associated with hypersplenism showed a decrease in serum total cholesterol and its fraction of low-density lipoprotein (LDL) 6 . After splenectomy, or when the disease was controlled, the reversal of hypocholesterolemia occurred 2 . In experimental studies, total splenectomy was accompanied by high levels of cholesterol and triglycerides, with elevated LDL cholesterol 7 . Dyslipidemia Secondary total splenectomy results in higher incidence of atherosclerotic disorders 8 in rabbits submitted to total splenectomy and receiving rich-cholesterol diet.
There are a few theories to explain the possible mechanisms involved in the regulation of plasma lipids by the spleen [7] [8] [9] [10] [11] . There is evidence that there would be a splenic factor able to determine the occurrence of hypocholesterolemia in hypersplenism, the spleen being compared to a lipid reservoir, which rises in cases of hypersplenism [7] [8] [9] . The splenic macrophages accumulate large amounts of fat through increased phagocytosis, with subsequent hypolipidemia. Another explanation for the lipidlowering effect would be the immune action of the mononuclear phagocyte system against structures found in the high density lipoprotein (HDL) and LDL, resulting in their clearance 10, 11 . Caligiuri et al. 12 stated that the spleen influenced lipid metabolism through the B lymphocytes, which were capable of producing anti-oxidized-LDL antibodies. This antigen-antibody complex was removed from the circulation by tissue macrophages, the splenic ones included. The spleen would participate not only in clearance of immune complexes, but also in the production of antioxidized-LDL antibodies, since it contains most of the memory B lymphocytes and is the major site of antigen presentation and antibody production.
Based on such theories, in the event of asplenia after total splenectomy, there would be an increase in serum levels of certain plasma lipids, especially LDL and total cholesterol, with reduction of serum HDL. In increased splenic tissue, as in hypersplenism, the reverse would occur, ie, the decrease of serum lipids 2 . It is worth noting that conservative spleen operations maintained lipid levels in the normal range. Therefore, the presence of spleen tissue, in lower amount and even ectopic, is capable of maintaining the organ functions related to the regulation of lipid metabolism. Even considering the hypothesis that the blood supply of the omentum would be less favorable than the actual irrigation of the spleen, thus decreasing the functionality of the organ, it was demonstrated that autologous transplantation of splenic tissue into the greater omentum does not cause differences in lipids 2 . In the literature, there are studies that discuss dyslipidemia in its general context. However, those who study the spleen function in lipid metabolism are rare. There is no consensus on the actual mechanism through which the spleen controls serum lipid levels 2, 13, 14 . The regeneration of the spleen function seems to have a direct relationship with implanted splenic mass 15 , so we decided to perform the allograft spleen in rats, preserving its original functioning spleen, causing the "double spleen".
This study aims to elucidate the role of the spleen in lipid control and to evaluate the effects of the "double spleen" on the lipid profile of rats.
METHODS
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The animals in this study were maintained under the law for the creation and animal use (Federal Law N o . 11, 794, 2008) , and the ethical principles of the Brazilian College of Animal Experimentation (COBEA). The project was approved by the Ethics Committee on Animal Use of the Centre of Life and Health Sciences of the State University of Pará (UEPA).
We used 32 male Wistar rats (Rattus norvegicus), with 120 days of life, from the Vivarium of the Experimental Surgery Laboratory, State University of Pará (LCE-UEPA), and kept in cages with five rats in a controlled temperature environment and 12-hour light/dark cycle. Water and feed were offered ad libitum.
The 32 rats were randomly divided into four groups (n = 8): Control Group (1) -after laparotomy there was simulated spleen manipulation of equivalent duration of the other operations. The abdominal wall of all rats was closed in two layers using continuous suture with 5-0 nylon suture; Total Splenectomy Group (2) -the stomach was tractioned out of the abdominal cavity, exposing the spleen. We performed three ligatures of the splenic vascular pedicle with 5-0 cotton suture and completed removal of the organ, which was then sliced in five segments. This was the donor group to the rats in group 3; Splenectomy and Allograft Implant Group (3) -rats in this group underwent splenectomy, after receiving the splenic segments obtained from rats in Group 2, sutured continuously on the greater omentum with 5-0 nylon suture. The stitches were alternately sutured to the spleen tissue and the omentum so as the spleen slices would be interposed by omental tissue. The spleen taken from the rats of group 3 was given to rats of group 4; Double Spleen Group (4) -the rats in this group were not splenectomized; splenic slices of Group 3 rats were implanted on the greater omentum of group 4 rats, as described in the operation of Group 3.
The animals in groups 2, 3 and 4 were operated simultaneously.
Each group was subdivided into two subgroups of four animals each: subgroup A -studied 30 days after the procedure; Group B -studied after 120. All rats were weighed and then intraperitoneally anesthetized with ketamine (50mg/kg) and xylazine (2.5 mg / kg). The animals breathed voluntarily during procedures.
After being placed on their backs, with their limbs fixed to a surgical board (20x30cm), we held trichotomy of the abdominal region and skin antisepsis with polyvinylpyrrolidone (PVP) and laparotomy, then the animals were treated according with the study group.
After 30 days the animals from subgroup A all groups were again subjected to a fasting for 12 hours. Then they were weighed and anesthetized for macroscopic analysis. We collected 6ml of blood from the abdominal vena cava and removed the splenic fragments implanted into the omentum and the remaining spleens, if applicable. Then, the animals were euthanized with an overdose of anesthetic.
For the macroscopic study of the spleen and splenic implants, we considered normal those with color, consistency and viability (absence of necrosis). The grafts were measured.
The blood sample was used for determination of lipids. The concentrations of triglycerides, total cholesterol and HDL were performed by the enzymatic colorimetric method. The concentrations of the fractions of VLDL and LDL were calculated by the Friedewald formula.
Splenic implants and spleen were photographed and fixed in 10% formalin. This tissue was included in paraffin and then stained with hematoxylin and eosin.
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The specimens were studied by a pathologist who did not know which group the slides belonged to. The parameters observed were hemosiderosis, extramedullary hematopoiesis, hemophagocytosis in red pulp, presence of macrophages, lymphocytes, fibrosis and areas of suppurative necrosis or liquefaction. We considered microscopically normal the splenic tissue showing no necrosis, fibrosis or cell depletion.
After 120 days from the beginning of the study, the animals of subgroup B of the four groups were fasted for 12 hours. Then they were subjected to the same protocol of the animals of subgroup A.
The values of total cholesterol and its fractions and triglycerides, as well as all the other numerical data, were evaluated in the two groups by the KolmogorovSmirnov (KS) test to test the Gaussian distribution of the data, and then, if the data presented Gaussian distribution, analysis of variance (ANOVA) was performed, followed by Tukey-Kramer multiple comparison test. Results were considered statistically significant if their p value was less than 5% (p < 0.05).
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The total average masses of rats (n = 32) on the first day of the study was 247.7 ± 44.1g. The average weight of the subgroups A of all groups (n = 16) on the day of death (30 days) was 259.1 ± 50.3g. For subgroups B of all groups (n = 16), on the day of his death (120 days) the average weight was 313.3 ± 72.1g. The mean variation of the average mass of the different groups and subgroups A and B are shown in table 1. Between subgroups A, the Control Group had the largest increase of weight, followed by the Double Spleen Group. Among the subgroups B, the Splenectomy Group was the one that had the largest increase in mass. However, in all comparisons, there was no statistical significance (p > 0.05).
Rats from Double Spleen Group (4) (subgroup A) showed mean serum levels of total cholesterol and its LDL fraction superior to those presented by the other three groups (subgroup A) (p < 0.05). Also with regard to LDL, all groups were different from each other, except the Splenectomy (2) and Splenectomy and Allograft Implant (3) ( Table 2) groups.
The HDL fraction of the Splenectomy Group (2) was statistically lower than the other groups (subgroup A), while the one of the Control Group was higher than the others. There were no differences with respect to serum levels of triglycerides and VLDL among all groups (Table 2) .
Regarding the blood tests of rats that were killed on the 120th day after surgery (group B), all groups were different from each other with respect to total cholesterol, except the Control (1) and Total Splenectomy groups (2) . Regarding the levels of LDL, the Group 2 had statistically higher levels compared with the other groups ( Table 3) .
There was no statistical difference in the levels of triglycerides and VLDL. Regarding the level of HDL, only the Control (1) and Double Spleen (4) groups were different (Table 3) .
When comparing the different subgroups of the same group, we observed a significant difference between the subgroups of Splenectomy (2) group, whose serum total cholesterol increased over time at the expense of HDL and LDL (p < 0.05). The Double Spleen (4) group showed a significant reduction in total cholesterol levels among its subgroups (p < 0.05) at the expense of the LDL and VLDL fractions, while the Splenectomy + Allograft (3) group showed no difference between their subgroups.
Macroscopic analysis showed that the native spleens of rats from groups 1 and 4 were viable, presenting normal size, color and consistency, both in subgroups A and B. As for the splenic fragments implanted into the omentum of groups 3 and 4, in subgroups A it was observed that some slices were isolated and surrounded by fibrous tissue, whereas others were united, without the omental tissue between them, with an aspect of normal spleen and with few small foci of necrosis (Figure 1 ). The united grafts in Group 3 were larger than those in Group 4. Few slices of grafts in Group B of these groups disappeared. Other slices were united, indurated, surrounded by abundant fibrous tissue with a spherical, tumor appearance. The average diameter of the grafts was significantly higher in Group 3 (2.1cm) than in group 4 (1.4cm) (p < 0.05).
Histopathological analysis of subgroups A and B showed that the native spleens of the rats in group 1 and 4 were normal, with no signs of fibrosis, necrosis or cell Table 1  Table 1  Table 1  Table 1  Table 1 For a long time, the functions of the spleen were ill-defined, since the absence of the spleen showed to be compatible with life. Currently, the importance of splenic tissue as a major regulator of immune and hematopoietic functions is undeniable. Well-designed studies have revealed an important splenic influence on lipid metabolism 16 , showing the association of splenectomized patients with various diseases such as atherosclerosis and others, caused by lipid deposits, such as Gaucher and Faber diseases 2 .
From the knowledge of splenic function, the option of preservation of the spleen during operative procedures increasing. Several techniques have been described as alternative methods to splenectomy: splenic suture, partial splenectomy and autologous implant, since the maintenance of splenic tissue is the only way to assure splenic function and prevent the complications of asplenia 2, 13 . The mortality of the animals was lower than that found in other studies 13 . These deaths occurred in Group 3, undergoing splenectomy and implantation of an allograftobtained from rats from demonstrably distinct colonies. The absence of a native spleen to assist in the immune defense Table 2 -Table 2 -Table 2 -Table 2 -Table 2 Table 3  Table 3  Table 3  Table 3  Table 3 Gonçalves Gonçalves Gonçalves Gonçalves Gonçalves Effects of splenic allograft in lipid profile of non-splenectomized rats: the immune and metabolic role of the "double spleen" of the body contributed to the high mortality observed in this group 17 .
There was a high incidence of tail necrosis in rats in Group 2, undergoing only splenectomy, killed at 120 days of follow-up. This necrosis is commonly associated in experimental animals to infection by Streptococcus, which may have been facilitated by the state of asplenia, since the splenic immune functions in this group were deleted. The fact that this disease has not affected Group 3, which also underwent splenectomy, shows that, after the period of splenic allograft regeneration, as demonstrated in the microscopic analysis, immune functions were restored by the implant 17, 18 . In subgroup A, we observed higher levels of total cholesterol and LDL in the Double Spleen group (4). This result suggests that 30 days were insufficient to complete organ regeneration, which requires approximately 5-8 weeks for functional reestablishment 15, 19 . No being able to play it immune and metabolic role, the allograft created a situation of immune stress, acting as a foreign body, so that the native spleen performed greater immune function against the graft, leaving in the background its role in lipid metabolism. Therefore, both spleens were in an anomalous situation of hyper-functionality, the first attacking the organism, the second self-defending it.
As for the levels of HDL, the lowest values were found in group 2, of both subgroups, agreeing with a similar study 2 . Decreased HDL can happen due to the concentration of cholesterol contained in each type of chow used. After 120 days postoperatively, there was improvement in the levels of total cholesterol and fractions in the Spleen Double Group, with inversion in the standard lipid profile of animals. After regeneration, allograft stopped working as a foreign body, reverting the situation of immunological stress, and aided the native spleen in the clearance of plasma lipids. In addition, the Splenectomy group had higher levels of LDL, in agreement with other studies 2, 7, 8 . There are numerous explanations for this phenomenon. The results of this study confirm the hypothesis proposed by other authors [7] [8] [9] comparing the spleen to a lipid reservoir, where the splenic macrophages accumulate large amounts of fat through increased phagocytosis with subsequent hypolipidemia.
It is known that the maintenance of implanted autogenous splenic tissue prevents complications of splenectomy 13 . However, doubling the amount of splenic tissue in the body had not yet been described. The technique of Double Spleen, though initially triggering an immune stress situation where metabolic functions are not a priority, in the long term proved to be effective in restructuring and rebuilding of the metabolic functions of the spleen, with considerable improvement in the lipid profile of animals. These results, together with the histopathological analysis, are indicative of a metabolic functioning more improved than in the other animals of the study, since it obtained the lowest cholesterol levels after 120 days.
Some experimental transplantation studies 20, 21 have described oral administration of spleen cells along with the transplanted tissue in order to reduce the rejection, as well as the amount of immunosuppressive agents being used. This makes it possible to justify the evolution of better lipid profile in Group 4. The technique of Double Spleen generates a new situation of functional overload and, in the early days, the spleen starts to work under conditions of intense immune stress. Under these conditions, the metabolic functions are no longer essential and spleens start acting unpredictably. However, after the complete regeneration of splenic grafts, metabolic functions improve.
The technique of Double Spleen showed a significant improvement in the standard lipid profile of the study animals, demonstrating that the splenic tissue overload enhanced the metabolic function of the organ, thus confirming the theory of the spleen as a lipid reservoir. 
